The aim of this study was to investigate the impact of trigonelline (TRG) on Echinococcus granulosus, and to explore the inhibition impact of nuclear factor erythroid-2-related factor 2 (Nrf2) signaling pathway on E. granulosus protoscoleces. Echinococcus granulosus protoscoleces were incubated with various concentrations of TRG, and then Nrf2 protein expression and its localization in protoscoleces were detected by western blot analysis and immunofluorescence assay, respectively. Reactive oxygen species (ROS) level in protoscoleces was measured using ROS detection kit. Caspase-3 activity was measured using a caspase-3 activity assay kit, and NAD(P)H quinone oxidoreductase (NQO)-1 and heme oxygenase (HO)-1 activities in protoscoleces were measured by ELISA. The effect of TRG on protoscoleces viability was investigated using 0.1% eosin staining, and ultrastructural alterations in protoscoleces were examined by scanning electron microscopy (SEM). Immunolocalization experiment clearly showed that Nrf2 protein was predominantly present in cells of protoscoleces. TRG treatment reduced NQO-1 and HO-1 activities in protoscoleces, but could increase ROS level at early time. Protoscoleces could not survive when treated with 250 μM TRG for 12 days. SEM results showed that TRG-treated protoscoleces presented damage in the protoscoleces region, including hook deformation, lesions, and digitiform protuberance. Nrf2 protein expression was significantly decreased and caspase-3 activity was clearly increased in protoscoleces treated with TRG for 24 and 48 h, respectively, when compared with that in controls (P < 0.05). Our results demonstrated that TRG had scolicidal activity against E. granulosus protoscoleces. Nrf2 protein was mainly expressed in the cells and TRG could efficiently inhibit the Nrf2 signaling pathway in E. granulosus.
Introduction
Cystic echinococcosis (CE) is a cosmopolitan zoonosis affecting humans as well as domestic animals caused by the larval stage of the parasitic cestode Echinococcus granulosus. It is a global public health and economic problem, especially in Central Asia, the Mediterranean countries, Northern Africa, and South America [1, 2] . CE causes serious morbidity and death if left untreated [3] . Humans are infected by oral ingestion of parasite eggs. The eggs hatch in the gastrointestinal tract, penetrate the intestinal walls, enter the bloodstream, and ultimately localize mainly in the livers and lungs [4] . Currently, surgery constitutes the most efficient option for CE treatment, since it has the potential to cure the condition via complete removal of the cysts [5] . However, post-operative recurring CE due to cyst rupture or spilling of cyst contents (protoscoleces) during surgery is a major surgical complication of hydatidosis [6] . Therefore, the use of effective scolicidal agents during the procedure is an essential part of the surgical technique, which helps to lower the risk of spilling viable protoscoleces [7] . However, existing scolicidal agents, including hypertonic saline, silver nitrate, cetrimide, and ethanol, are known to induce adverse effects, such as cholangitis, liver necrosis, and methemoglobinaemia [8, 9] . So it is vital to search for new safe and effective scolicidal agents that can be implemented during surgery, especially from natural sources [10] [11] [12] .
In order to neutralize oxidative stress-mediated host cell death, E. granulosus requires effective antioxidant defenses. These defenses are activated through the nuclear factor erythroid-2-related factor 2 (Nrf2) transcription factor [13] , which plays a critical role in coordinating the induction of genes that encode phase II detoxifying and antioxidant enzymes [14, 15] . Nrf2 is a key factor with oxidative stress [16] . Nrf2 can react with an enhancer sequence of antioxidant response elements (AREs), forming the Nrf2/ARE pathways which are known as the most important antioxidant stress pathways [16, 17] . So Nrf2 is a potential target for disabling the anti-oxidative stress defense mechanism in E. granulosus [18] . In recent years, researchers have found that Nrf2 signaling pathways were significantly expressed in cases of cancer chemoprevention and drug resistance [19] . Elevated expression of Nrf2 not only promoted tumor proliferation and protected cancer cell survival, but also strengthened tumor cell drug resistance. Indeed, nuclear Nrf2 accumulation is a key factor in the acquisition of cancer cell resistance [20] . Girard et al. [21] have confirmed that inhibition of Nrf2 signaling pathways in lung cancer cells promoted apoptosis. Meanwhile, Nrf2 is also considered to remove reactive oxygen species (ROS) in antioxidant stress, and as the most sensitive signal, it can effectively resist the cell apoptosis caused by oxidative damage [22, 23] .
Aerobic organisms can continually produce ROS molecules. However, excessive ROS molecules could produce damage to the organism, and increasing ROS could activate partial oxidation pathway, form the loop, and keep expanding the oxidative damage [24] . ROS is considered to be the main cause of oxidative stress [25] . Thus, inhibiting the production of ROS is the key to reduce the damage caused by ROS. Aerobic organisms could remove excess ROS and fix the ROS-mediated damage through anti-oxidative stress mechanism, with the aid of a complete set of enzymes, not the enzyme defense system [26] . Heme oxygenase-1 (HO-1), quinone NADH dehydrogenase 1 (NQO-1), superoxide dismutase (SOD) and glutathione S-transferase (GST) are main antioxidants of the body to remove ROS damage [27, 28] .
James [29] had found that a host could generate ROS through macrophages, neutrophils, acidophilic granulocyte, and normal metabolism of cells and had effects on parasite destruction. Parasites not only need antioxidant enzymes with normal physiological function, but also need more help to resist ROS generated from the host cells [30] .
For a parasite, to survive in a host for a long time as a foreign body, it not only requires a host that can provide the necessary nutrients, but also must be able to defend against the host immune system. It has been found that parasites can overcome synthetic antioxidant enzymes by altering the parasite-host contact surface in order to protect its internal pressure and maintain oxidative stress resistance [29] . A recent study revealed that the Nrf2 gene is expressed in Trypanosoma cruzi and Plasmodium. The presence of Nrf2 would facilitate the regulation of parasite antioxidant enzyme levels in order to enhance survival in the host. Furthermore, it has also been shown that Nrf2 inhibition can reduce the activities of a variety of antioxidant enzymes in parasites, thus reducing parasitic resistance to drugs [31] .
Trigonelline (TRG) is a heterocyclic compound widely existing in plants and is less toxic to humans compared with chemical medicines. The medical value of TRG is very high. In normal animals and the chemical agent-induced diabetic animals, it could decrease blood glucose level [32] . TRG has been claimed to have anti-carcinogenic, antimigraine, hypocholesterolemic, and anti-diabetic activities [33] . Oral administration of TRG resulted in decreased serum insulin levels in Type 2 diabetic rats [34] . TRG can also inhibit the liver cancer cell invasion, but it cannot affect its proliferation [35] . Arlt et al. [36] found that TRG can effectively inhibit Nrf2 expression in pancreatic cancer cells and enhance cancer cell sensitivity to pro-apoptotic anticancer drugs. Lacroix et al. [37] investigated Ugandan plants with antimalarial activity and found that an ethyl acetate extract of Citropsis articulata root bark possessed antiplasmodial effects. TRG from C. articulata was identified as an inhibitor of Plasmodium falciparum growth. However, no study has been carried out to investigate the effects of TRG on E. granulosus protoscoleces.
Therefore, in this study, we investigated the effects of TRG on E. granulosus protoscoleces and explored the inhibitory effects of TRG on the Nrf2 signaling pathway, trying to understand the role of the Nrf2 signaling pathway in E. granulosus protoscoleces.
Materials and Methods

Materials
Anti-Nrf2 antibody was purchased from Abcam (Cambridge, UK). TRG was purchased from Sigma (St Louis, USA) and was dissolved in dimethyl sulphoxide (DMSO) at a drug concentration of 0.1 M. The dilutions of the various extracts of TRG were based on initial experiments, prepared freshly and filter-sterilized prior to treatment. RPMI 1640 medium was also purchased from Sigma. HO-1 and NQO-1 assay kits were obtained from USCN (Wuhan, China). ROS detection kit was obtained from Jiancheng (Nanjing, China)
Collection and culture of protoscoleces
Protoscoleces of E. granulosus were collected from livers of naturally infected sheep and goats slaughtered at Shihezi, China. The surface of the infected liver was disinfected, and the hydatid fluid was collected into a container under sterile saline containing antibiotics (100 U/ml penicillin and 100 U/ml streptomycin), and set aside for 30 min. The protoscoleces were all settled down at the bottom of the container, the supernatant was abandoned, and the protoscoleces were moved to the centrifuge tube. Prior to culture and infection, the sedimental protoscoleces were rinsed 3-5 times with PBS (pH 7.2) solution containing penicillin (100 U/ml) and streptomycin (100 U/ml). Protoscoleces were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, at 37°C in a 5% CO 2 atmosphere for further use. The culture medium was changed every 3 days. Each viability experiment was repeated three times. The concentration of protoscoleces was adjusted at least 98% viability rate. The viability of the protoscoleces was proved by their flame cell motility and impermeability to 0.1% eosin solution under a light microscope (Olympus, Tokyo, Japan).
Drug treatment
In the current study, different concentrations of TRG (50, 100, 150, 200, and 250 μM) dissolved in 10 ml of DMSO were used for the same exposure time. In order to increase the viability protoscoleces close to 100%, protoscoleces were rinsed 3-5 times with PBS, and then with RPMI 1640 medium. TRG dilutions were prepared in medium and added to protoscoleces at a concentration of 50, 100, 150, 200, and 250 μM, respectively. Medium without the drug was used as the control [38] . Thereafter, in each experiment, 500 μl of protoscoleces-rich sediment was added to 4.5 ml of the solution. Meanwhile, TRG (diluted in RPMI 1640 medium) was added to the same number of protoscoleces, and then 5 ml of suspension containing 2000-2500 protoscoleces was distributed into each well of a 6-well culture plate (Costar, Cambridge, USA). Cultures were microscopically followed to determine the appearance of morphological alterations. Viability assays were performed daily until the death of all parasites. On Days 6 and 12, samples were taken for scanning electron microscopy (SEM) analysis using a Carl Zeiss electron microscope (Carl Zeiss, Oberkochen, Germany).
Fluorescence immunoassay
For immunohistochemistry analysis, E. granulosus samples were rinsed 3-5 times with PBS (pH 7.2). After being fixed in paraformaldehyde for 36 h, the samples were embedded at different concentrations, containing 100 and 200 μM after 6 and 12 days, and the samples were processed with 1.5% agarose embedding. Then, the samples were fixed with 4% paraformaldehyde at 4°C. Paraffin embedding technology was used to deal with the protoscoleces. Samples were incubated with 3% H 2 O 2 for 10 min, washed three times with PBS solution (5 min each), and then anti-Nrf2 antibody (50 μl; 1:100) was added and incubated overnight at 4°C in the dark. After being washed three times, a fluorescent secondary antibody containing FITC was added, incubated for 1 h at 37°C, and then prodium iodide (PI; 50 μg/ml) was added to dark staining. Finally, samples were subject to confocal microscopy analysis with the Olympus Immunofluorescence Laser Scanning Confocal Microscope (Olympus, Tokyo, Japan).
Measurement of ROS level
ROS level was measured by using the ROS detection kit according to the manufacturer's instruction. Briefly, the protoscoleces were divided into normal group and drug treatment group. At the end of treatment, protoscoleces were washed three times with PBS. After natural precipitation, protoscoleces were collected, and DCFH-DA probe was added at a working concentration of 10 μM. After 1 h of incubation at 37°C, the fluorescence intensity was measured (excitation at 488 nm, emission at 525 nm) using a Bio-Rad Fluorescence Spectrophotometer (Hercules, USA).
Measurement of HO-1 and NQO-1
Protoscoleces were treated with 100 and 200 μM for 6 and 12 days, respectively. After drug treatment, the radio-immunoprecipitation assay buffer and 2 mM phenylmethyl sulfonyl fluoride were added into the sample. After the cells were fully lysed, the samples were centrifuged at 12,000 g for 10 min at 4°C and the supernatant was collected. The concentrations of HO-1 and NQO-1 in the supernatant were measured by ELISA using the HO-1 and NQO-1 assay kits according to the manufacturer's instructions. Finally, the optical density was measured at 450 nm using a Bio-Rad microplate reader. The experiment was repeated three times.
Viability test
The viability of the protoscoleces was measured using eosin staining. Briefly, the protoscoleces were incubated with 0.1% eosin. Then, cells were counted under an optical microscope. The protoscoleces that are stained red are considered dead.
Electron microscopy
In order to observe the changes in the protoscoleces structure resulting from TRG exposure, the protoscoleces were treated with TRG at concentrations of 100 and 200 μM for 6 and 12 days as described above, respectively, and 4% paraformaldehyde was added for fixation [39, 40] . Finally, the samples were observed by SEM with an instrument operating condition of 20 kV.
Western blot analysis
The expression level of Nrf2 protein was detected by western blot analysis. In brief, samples (10 μg/lane) were subject to 10% SDSpolyacrylamide gel electrophoresis, and then electro-blotted onto a PVDF membrane (Millipore, Bedford, USA). The PVDF membrane was blocked with 5% skim milk, 0.5% Tween-20 in TBST at 4°C overnight, and then incubated with rabbit monoclonal antibody against Nrf2 (1:500; Abcam). After being washed three times with TBST, the membranes were incubated with the HRP-conjugated antirabbit IgG secondary antibody (1:1000; Zhongshan Goldbridge Biotech, Beijing, China) for 2.5 h at room temperature. After incubation, membranes were washed three times with TBST, and then visualized using an enhanced chemiluminescence kit. The membrane was also detected using antibodies against β-actin (1:1000, Zhongshan Goldbridge Biotech) as the loading control.
Measurement of caspase-3 activity
The activity of caspase-3 in the protein lysate was measured using the caspase-3 kit (Sigma) [41] . Protoscoleces were treated with TRG (50, 100, 150, 200, and 250 μM) for 24 and 48 h, the cytoplasmic protein (3 mg) was extracted. The reaction mixture containing cell lysate and caspase-specific substrate (AcDEVD-pNA) was used to determine caspase-3 enzyme activity. Samples were added into the wells of a 96-well plate and incubated at 37°C for 4-6 h, then the absorbance at 405 nm was measured using a microplate reader.
Statistical analysis
All tests were detected in triplicate. Data analysis was carried out by using SPSS statistical package version 20.0. The data were presented as the mean ± SD. Differences between test and control groups were analyzed by one-way ANOVA or LSD, and P < 0.05 was considered statistically significant.
Results
In vitro effects of TRG on Nrf2 localization in E. granulosus protoscoleces Immunofluorescence assays were conducted on protoscoleces treated or untreated with TRG. In the untreated controls, Nrf2, which was indicated by a red signal (Fig. 1B) in contrast to the nucleus which was indicated by a green fluorescent signal (Fig. 1A) , was found to be mainly present in the cytoplasm (Fig. 1C) .
No autofluorescence or non-specific binding was detected by assays conducted in the absence of Nrf2 antibody incubation ( Fig. 2A-C) . In contrast, samples treated with either 100 or 200 μM TRG showed the decreased Nrf2 expression compared with controls ( Fig. 2D-G,J) . This signal was found to remain predominantly in the cytoplasm (Fig. 2F,I ,L). Nrf2 expression in the 200 μM treatment group (Fig. 2J-L) was lower than that in the 100 μM treatment group (Fig. 2G-I ) after 36 h.
TRG modulated ROS level in vitro
Incubation for 3 days with TRG at concentrations of 100 and 200 μM induced significant increases of ROS levels in protoscoleces, which was in a concentration-dependent manner versus control protoscoleces (P < 0.05). However, after 6 days of incubation with TRG at concentrations of 100 and 200 μM, the ROS levels were decreased obviously (Fig. 3) compared with the ROS levels after 3 days of incubation. Nevertheless, the fluorescence intensity was still higher (Fig. 4) when compared with the untreated control group.
TRG modulated HO-1 and NQO-1 activities in vitro
TRG treatment of protoscoleces for either 3 days or 6 days at the concentrations of 100 and 200 μM induced significant decreases in HO-1 (Fig. 5) and NQO-1 (Fig. 6 ) activities in a concentrationdependent manner compared with control protoscoleces (P < 0.05). Meanwhile, after 6 days of treatment, the activity of both antioxidase enzymes was lower than that after 3 days of treatment. This result indicated that the effects of TRG on protoscoleces may involve the HO-1-and NQO-1-dependent pathways.
In vitro effects of TRG on morphology of E. granulosus protoscoleces
In the untreated group, protoscoleces were found to be invaginated, with good activity and intact spherical or oval protoscoleces structures. The internal structures were complete, facilitating obvious visualization of the calcium granule (Fig. 7A) . In the DMSO-treated control group, protoscoleces showed similar structures throughout the experimental period (Fig. 7B) . Following TRG-treatment at various concentrations, the viability of protoscoleces was quantified by eosin staining, where dead protoscoleces absorbed eosin and were stained red. Protoscoleces incubated with TRG were altered, and their activity was significantly weakened after 12 days of incubation. In particular, protoscoleces treated with 250 μM TRG (Fig. 7D) for 6 days died faster than those treated with 100 μM TRG (Fig. 7C) . Protoscoleces were gradually killed with the passage of time, until viability reached approximately zero after 12 days of treatment with 250 μM TRG (Fig. 7F) , although treatment with 100 μM TRG showed decreased efficacy, with 50% of protoscoleces still viable (Fig. 7E) . Non-viable protoscoleces following TRG treatment were exstrophic, and presented alterations such as deformed adhesive discs and destroyed internal organization. These results clearly demonstrated that TRG exerted a dose-and timedependent lethal effect against protoscoleces.
In vitro effect of TRG on the viability of E. granulosus protoscoleces Figure 8 shows the scolicidal effects of different concentrations (50, 100, 150, 200, and 250 μM) of TRG on protoscoleces. A clearly and statistically significant decrease in viability was observed in all TRG-treated groups compared with the control group (P < 0.05). The viability of the blank group presented no obvious changes, as the survival rate was still 91% after 12 days. When protoscoleces were treated with 100 and 200 μM TRG for 6 days, the survival rates were 79.2% and 72.5%, respectively, and decreased to 56% and 31%, respectively, after 12 days. In particular, the highest TRG scolicidal activity was observed in the 250 μM group treated for 12 days, where almost all treated protoscoleces were found to be dead. Thus, the scolicidal effect of TRG on E. granulosus protoscoleces was in a dose-and time-dependent manner.
In vitro effects of TRG on the ultrastructure of E. granulosus protoscoleces Ultrastructural changes induced by TRG treatment were observed by SEM. Control cultures showed no ultrastructural alterations in parasite tissue (Fig. 9A ) and protoscoleces cultured with DMSO was eversioned (Fig. 9B) during the entire experimental period. However, morphological and ultrastructural damage was observed in TRG-treated protoscoleces. The primary site of damage was the parasite tegument. A loss of morphology was evident after 6 days of treatment with 100 μM TRG (Fig. 9C) . After 12 days of treatment with 100 μM TRG, rostellar disorganization and protoscoleces surface subsidence could be observed. Furthermore, sucker and rostellar region deformations, as well as lesions were present (Fig. 9E) . After 6 days of treatment with 200 μM TRG, SEM result revealed the existence of tegumental alterations, hook deformation, protoscoleces collapse, and rostellar disorganization (Fig. 9D) . After treatment with 200 μM TRG for 12 days, loss of sucker region morphology, microtriche shedding, as well as the development of severe digitation and lesions were observed in protoscoleces (Fig. 9F) .
TRG decreased the level of Nrf2 protein in vitro
Western bolt analysis was used to investigate the expression level of Nrf2 protein. The expression level was significantly decreased in protoscoleces treated with low concentration (100 μM, 3 days) of TRG compared with that in the control protoscoleces, while this decrease was more apparent in protoscoleces treated with 100 μM TRG for 6 days (Fig. 10) .
TRG induced caspase-3-dependent apoptosis in vitro
After protoscoleces were treated with various concentrations of TRG for either 24 or 48 h, the caspase-3 activity was measured Figure 3 . Effect of TRG on ROS level in E. granulosus protoscoleces after 3 days and 6 days of incubation *P < 0.05 compared with the control group; # P < 0.05, intra-group comparison. . Effect of TRG on HO-1 activity in E. granulosus protoscoleces after 3 days and 6 days of incubation *P < 0.05 compared with the control group; # P < 0.05, intra-group comparison. Figure 6 . Effect of TRG on NQO-1 activity in E. granulosus protoscoleces after 3 days and 6 days of incubation *P < 0.05 compared with the control group; # P < 0.05, intra-group comparison.
using a caspase-3 assay kit with AcDEVD-ρNA as the substrate. Our results showed that 24 or 48 h of treatment with TRG at all concentrations significantly induced caspase-3 expression and activity in a dose-dependent manner (Fig. 11) . Furthermore, caspase-3 activity in TRG-treated protoscoleces was significantly higher after 48 h of incubation than that after 24 h of incubation (P < 0.05).
Discussion
Hydatidosis remains a clinical problem worldwide, especially in areas where animal husbandry and subsistence farming form an indivisible part of community life [42] . Nowadays, surgery is the most common treatment for complicated cases of hydatidosis.
However, relapse or secondary dissemination of hydatidosis due to spillage of the cyst contents after surgery can lead to death [43] . Therefore, many drugs have been used in hydatidosis treatment with different degrees of success [44] . Indeed, the metabolites of some drugs, such as albendazole, albendazole sulfoxide, benzimidazole, and mebendazole, have been found to be toxic in some patients [45] . Scolicidal agents are often used to destroy protoscoleces in lieu of physical cyst removal, and represent safe alternatives with no adverse effects [46, 47] . An ideal parasiticidal agent must be able to effectively kill E. granulosus protoscoleces with a low incidence rate, be pragmatic, inexpensive, and present few or no side effects [11] .
Harmful substances and foreign bodies mainly interact with the host after the invasion of the body through a two-phase metabolic process. The first phase consists of the host actions to inactivate the foreign body through oxidation, reduction, and hydrolysis. The second phase consists of the host activation of antioxidant enzymes, including GST, NQO, SOD, and HO-1, to clear the body of oxidizing, toxic, or harmful substances, preventing damage to DNA, proteins, and lipid membranes, thus conferring oxidation resistance, detoxification, and anticancer effects [48] .
In the present study, we showed that the Nrf2 signaling pathway may play a major role in the regulation of antioxidant protein expression, effectively mediating oxidative damage resistance and apoptosis [23] . Nrf2 plays a complicated role in cancers and has been identified to be a key regulator of cell survival. It has been shown that Nrf2 is up-regulated in many human malignant tumor cells [49] [50] [51] [52] . Chowdhury et al. [53] has demonstrated that Nrf2 signaling pathway-dependent induction of phase II detoxifying enzyme expression is conducive to the survival of Leishmania-infected cells. Arlt et al. [36] have reported that TRG inhibits Nrf2, which is a primary section in disease development, and they concluded that TRG decreased apoptosis via down-regulation of Nrf2 expression.
It has been found that E. granulosus protoscoleces can adjust H 2 O 2 [54] . It was speculated that E. granulosus also has antioxidant enzymes involved in antioxidant stress reaction and removal of ROS, which protects the insect body from oxidative damage and helps E. granulosus to survive in the internal organs of human body and other intermediate host [55, 56] .
Within the parasite, antioxidants (TPx) are a kind of important signal transduction molecules, and they could maintain insect cell cycle, energy conversion and the role of growth and development [57] . Studies have confirmed that antioxidants in the E. granulosus protoscoleces (EgTPx) will not only help E. granulosus to evade the host immune attack, but also protect the insect body from the oxidative damage caused by ROS produced through the metabolism of the host [54] .
Under normal physiological conditions, Nrf2 could bind with negative regulatory proteins (Kelch-like ECH-associated protein 1, Keapl) and locate in the cell. The conformation of Keap1 can be changed directly by phosphorylation, so that Nrf2 could bind with the antioxidant components [58] . The modulation of Nrf2 has significant effects on oxidizability. Researchers have taken advantage of this by inducing the Nrf2-dependent response, including antioxidants and detoxifying enzymes that prevent oxidative injury in cells [59] [60] [61] . For instance, expressions of SOD, glutathione peroxidases, HO-1, and NQO-1 can all be regulated by Nrf2 [52, 62] . The AREs can regulate antioxidant enzymes and phase II detoxifying enzymes. With gene transcription and expression, the enzymes including the HO-1 and NQO-1 can strengthen the resistance to oxidative stress in the body and have protection effects [63] . Here, we demonstrated that Nrf2 was predominantly expressed in the cytoplasm of protoscoleces. Our results further revealed that treatment with TRG decreased Nrf2 protein level in E. granulosus. We also found that Nrf2 expression was lower in the 200 μM TRG treatment group than that in the 100 μM treatment group at 36 h, which confirmed that TRG down-regulates Nrf2 expression in a dose-dependent manner.
HO-1 and NQO-1 are the initial enzymes to induced stress. The expression and activity of HO-1 and NQO-1 can be induced by various factors, such as Hypoxia, endotoxins, heat shock, heavy metals, hemoglobin, cytokines, and antioxidants. In recent years, it has been found that the HO-1 and NQO-1 systems are involved in the regulation of many physiological and pathological processes [64] . Therefore, elevated HO-1 and NQO-1 expressions can increase the oxidation resistance of the body and reduce oxidative damage [65] . We found that protoscoleces treated with TRG showed decreased expressions and activities of HO-1 and NQO-1 in a dose-dependent manner.
Our results also demonstrated that TRG possesses potent scolicidal activity and may be used as a natural scolicidal agent in hepatic CE surgery. In addition, our findings revealed the potent and dosedependent protoscolicidal effects of TRG, because treatment with 250 μM TRG killed 100% of protoscoleces after 12 days of incubation, which was more prominant than those treated with 50, 100, 150, or 200 μM TRG.
TRG-induced changes in protoscolex survivability were also reflected in the ultrastructural damage. In a healthy protoscoleces, the rostellum, hooks, and sucking discs are the most important structures which facilitate nutrient absorption from the host for growth and development [66] . The viability assay showed structural disorganization in protoscoleces. Using SEM, we found that protoscoleces treated for 6 days with 250 μM TRG lost hooks, underwent sucking disc transformation, and showed digitation with lesions. In contrast, control protoscoleces presented normal morphology and ultrastructure. Several studies have shown that other scolicidal agents can also induce similar ultrastructural damage in protoscoleces [66, 67] . Thus, we speculate that protoscoleces structural damage may be caused by a stress response.
Previous studies have confirmed that cell apoptosis phenomenon exists in E. granulosus [68] . Studies have shown that drugs can damage the oxidation-reduction system balance in yeast cells, leading to the increase of intracellular ROS level, which could affect protein function directly and finally cause the endoplasmic reticulum stress [69] . As shown in our results, the ROS level was lower in the control group, and was significantly increased in the TRG-treat group. In the higher concentration group, the level was increased more remarkably. Our western blot results showed that the Nrf2 protein was obviously down-regulated by high concentration of TRG, especially after more days of treatment.
Some drugs can induce the damage of mitochondrial membrane structure, and induce the increase of apoptosis rate, thus activating caspase-12 on the endoplasmic reticulum and activating caspase-3 downstream of the cells, and finally inducing cell apoptosis [70] . Caspases are a part of the aspartate-specific cysteine protease family which plays a vital role in regulating apoptosis induction by various stimulatory effects such as oxidative stress [71] . Caspase-3 is an important apparatus in the apoptotic process, which converges at proteolytic activation [72] . Our study demonstrated that TRG markedly increased caspase-3 activity and induced apoptosis in a concentrationdependent manner. Thus, the apoptotic effect of TRG on protoscoleces may be mediated by increased caspase-3 activation. According to previous studies, the activity of caspase-3 in the low-dose group was rapidly decreased after 48 h of treatment with the TRG, and the high concentration group entered the late stage of cell death.
In conclusion, we found that Nrf2 is predominantly expressed in the cells of E. granulosus. Nrf2 signaling pathway may play a key role in TRG-mediated inhibition of protoscolex survival, and the Nrf2 protein was obviously down-regulated by TRG. TRG was demonstrated to induce significant damage and survival impairment in protoscoleces, which may be mediated by modulation of ROS, HO-1, and NQO-1 activities in protoscoleces. Therefore, the results of the present study indicate that TRG may have future clinical potential as a natural therapeutic agent against hydatid disease.
